The Cdc25 protein phosphatase is a key enzyme involved in the regulation of the G 2 /M transition in metazoans and yeast. However, no Cdc25 ortholog has so far been identified in plants, although functional studies have shown that an activating dephosphorylation of the CDK-cyclin complex regulates the G 2 /M transition. In this paper, the first green lineage Cdc25 ortholog is described in the unicellular alga Ostreococcus tauri. It encodes a protein which is able to rescue the yeast S. pombe cdc25-22 conditional mutant. Furthermore, microinjection of GST-tagged O. tauri Cdc25 specifically activates prophase-arrested starfish oocytes. In vitro histone H1 kinase assays and anti-phosphotyrosine Western Blotting confirmed the in vivo activating dephosphorylation of starfish CDK1-cyclinB by recombinant O. tauri Cdc25. We propose that there has been coevolution of the regulatory proteins involved in the control of M-phase entry in the metazoan, yeast and green lineages.
INTRODUCTION
Cell cycle regulation is highly conserved throughout evolution and is basically ensured by the kinase activity of the family of cyclin dependent kinases (CDKs) and their regulatory cyclin subunits. 1, 2 Regulatory mechanisms present in some lineages have somehow evolved differently in other species; for example, the Rb/E2F/DP pathway which is present in animals and plants is nevertheless absent in yeast. 3 Therefore, comparative studies of the cell cycle among models belonging to different lineages can provide crucial information in distinguishing between the core cell cycle common to all phyla and adaptations specific to a lineage, clade or organism. 4 Cdc25 is the key enzyme involved in the regulation of the G 2 /M transition. 5 Its phosphatase activity activates the CDK-cyclin complex which is inhibited by the kinase activity of Wee1. 6 This regulation pathway is essential for M-phase entry and a deletion of both Wee1 and Mik1 or of Cdc25 in Schizosaccharomyces pombe is lethal. 7 The high degree of conservation of the G 2 /M transition regulation pathway implies that coevolution of the CDK-cyclin complex, Wee1 and Cdc25 has occurred. 8 This hypothesis predicts that orthologs of all the genes, which were present early during evolution, must be found in the different lineages whose G 2 /M transition is regulated by the well-conserved CDK-cyclin complexes. 9 As predicted, CDKs, cyclins and wee1 orthologs are found in all currently sequenced eukaryotic genomes, including metazoans, fungi and plants. 3, 10 Also, orthologs of Cdc25 have been isolated in both vertebrate and invertebrate animals and in fungi, but no Cdc25 ortholog has so far been identified in plants, even though the genomes of Arabidopsis thaliana and rice have been completely sequenced. [11] [12] [13] [14] Though higher plants lack the cdc25 gene, the inhibitory kinase wee1 gene is well conserved: overexpression of A. thaliana Wee1 in fission yeast causes cell cycle arrest-the cells grow but do not divide, thus providing evidence for a functional Wee1 protein in A. thaliana. 10, 15 In addition, various studies have shown that 1 . The Thr14-Tyr15 CDK site which is dephosphorylated by Cdc25 in animals is conserved in plant CDKs, 2. the in vitro dephosphorylation by S. pombe Cdc25 is correlated with the activation of the CDK-cyclin complex in tobacco stem cells, and 3. the in vivo overexpression of S. pombe Cdc25 phosphatase in tobacco BY2 cells yields smaller cells reminiscent of the wee phenotype. 16, 17 Interestingly, CDK activity is also inhibited by tyrosine-phosphorylation in the Fucus spiralis zygote. 18 These arguments suggest that the plant G 2 /M transition is switched on by an unknown activating dual-specificity phosphatase and switched off by the inhibitory kinase, Wee1; this unknown green lineage activating phosphatase being very weakly related or unrelated to the Cdc25 phosphatase family. 14 
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Ostreococcus tauri is a unicellular alga which diverged very early in the green lineage. 20 It is the smallest free-living eukaryotic cell described to date (diameter 1 µm) and has a minimal cellular organization with a nucleus, only one chloroplast and one mitochondrion, and a nude plasma membrane. 21, 22 Its 11.5 Mb genome which is distributed among 18 chromosomes is currently being fully sequenced (Derelle E; personal communication) .
In this paper, we describe a functional cdc25 gene in O. tauri which is the first cdc25 ortholog found in the green lineage. The O. tauri cdc25 gene codes for a protein having a dual specificity phosphatase activity which is able to rescue the S. pombe Cdc25 conditional mutant and which specifically activates the CDK1-cyclin B complex in prophase-arrested starfish oocytes in vitro and in vivo.
EXPERIMENTAL PROCEDURES
Materials. The Ostreococcus tauri culture used in this study is the strain OTTH0595. 23 Cultures were grown in Keller's medium (Sigma-Aldrich, Saint-Quentin Fallavier, France) dissolved in 0.2 µm filtered sea water (NaCl 38 g.l -1 ). Growth conditions were a temperature of 18˚C, a permanent irradiance of 60 µmol quanta.m -2 .s -1 and mild agitation. 24 Cell population growth was followed by flow cytometric analysis. The starfishes were collected in the Banyuls bay during the breeding season (November to March for Marthasterias glacialis, December to May for Astropecten aranciacus) and kept in running sea water. 25 Pieces of ovaries were taken by incising the starfish dorsal wall. The temperature sensitive S. pombe h + cdc25-22 leu1-32 ura4-218 ade6-M210 mutant strain and the pREP41 vector were kindly provided by Dr. G. Lenaers (Université Paul Sabatier, Toulouse, France). 26, 27 Cloning the Ostreococcus tauri cdc25 Gene. The complete open reading frame (ORF) of O. tauri Cdc25 gene was obtained by the combined use of the SMART RACE TM cDNA Amplification kit (Clontech, Palo Alto, CA) and the Universal GenomeWalker TM kit (Clontech).
Phylogenetic Analysis of Ostreococcus tauri cdc25 Gene. Sequences were aligned with ClustalW and the alignments were manually improved using BioEdit. 28, 29 Three different methods were used for the construction of the phylogenetic trees. Maximum likelihood phylogenetic analyses (quartet puzzling, using 25000 puzzling steps and a VT+γ substitution model) were performed using TREE-PUZZLE. [30] [31] [32] Neighbor-joining trees were constructed using TreeCon, based on Poisson corrected distances. 33 MrBayes was used for Bayesian inference of phylogenetic trees, using a JTT+γ substitution model. 34, 35 Only unambiguously aligned positions were taken into account and in the NJ approach, bootstrap analyses with 500 replicates were performed to test the significance of the nodes.
Production of Recombinant Cdc25 Protein in Bacteria. The ORF of cdc25 was PCR amplified using the Advantage2 Taq DNA polymerase (Clontech) with specific primers containing restriction sites for directional cloning by BamHI and XhoI (forward primer FpgexBam : 5'-gtggatccATGGAGGTGCGGGAGGCGAACAA-GCGCGCG-3' and reverse primer RpgexXho 5'-tagattatactcgag-TCATTCGTTGTCCATGTCGGCCAC-3'). The PCR program used was an initial denaturation step at 95˚C for 1 min to hotstart the enzyme, followed by 35 cycles at 94˚C for 40 sec, 60˚C for 1 min and 68˚C for 1.5 min, and a final extension at 68˚C for 5 min. The PCR product was gel purified using the Nucleospin ® Extract 2 in 1 (Macherey-Nagel, Düren, Germany), and then cloned into the pGEM ® -T Easy Vector (Promega, Madison, WI) for sequencing and subcloning. By restriction digesting the recombinant vector with BamHI (Promega) and XhoI (Promega), the cdc25 gene was directionally subcloned into the BamHI-XhoI digested pGex4T1 vector (Amersham Biosciences, Piscataway, NJ) and electroporated in E. coli DH5-alpha strain. For production, the recombinant pGex4T1-Cdc25 vector was electroporated in E. coli BL21 cells. The bacteria were grown to an A 600 of 0.5 at RT in LB medium containing 100 µg.mL -1 ampicillin. Recombinant protein expression was induced by addition of Isopropyl-beta-D-thiogalactoside (IPTG) to the cells for 6 hours at a final concentration of 0,2 mM. The GST-fused protein was affinity purified on glutathione sepharose using a GStrap FF column with an Äktaprime system (Amersham Biosciences, Orsay, France).
In vitro Phosphatase Assays. One arm of Marthasterias glacialis starfish was sectioned and the gonads were separated from their follicle cells by artificial calcium-free sea water treatment. 25 Prophase-arrested oocytes were rinsed in normal sea water, aliquoted in IPNP medium (50 mmol.l -1 Tris pH 7.5, 150 mmol.l -1 NaCl, 50 mmol.l -1 NaF, 10 mmol.l -1 Na pyrophosphate, 1 mmol.l -1 Na 3 VO 4 , 10 mmol.l -1 Phenylphosphate, 0.1 mg.ml -1 soybean Trypsin Inhibitor, 0.1 % (V/V) Triton X100), were flash frozen in liquid nitrogen and stored at -80˚C for further use. Aliquots of oocytes were thawed and centrifuged at 15000 x g for 10 minutes at 4˚C. The extract was incubated at 4˚C for 1h with sepharose beads grafted with p13 suc1 which specifically 51 to which Cdc25 belongs. The number of amino acid residues encompassing the regions beyond the conserved domains are given in parentheses. Supplemental Data: Table S1 , Part A. List of NCBI Accession Numbers of the sequences used in the alignment represented in Figure 1 can be found online.
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bind the CDK-cyclin complex. The beads were rinsed three times with TBS/T buffer and then washed with 1X PBS. They were further incubated for different time-lapses with recombinant O. tauri GST::Cdc25 at RT and washed three times with TBS/T.
a. Kinase Activity. Histone H1 kinase activity was measured using 5 µl of kinase buffer (8 mM Hepes, 10 mM MgCl 2 , 0.1 mM ATP, 10 µg.µl -1 histone H1, 1 % (V/V) gamma 32 P ATP). The reaction was stopped by adding 20 µl of 1X Laemmli sample buffer and boiled for 3 minutes. After autoradiography of the SDS-PAGE, the histone H1 bands were excised and counted by liquid scintillation. 36 b. Anti-phosphotyrosine (Anti-Ptyr)Western Blotting. Immunoblotting using the anti-Ptyr antibody 37 was revealed by alkaline phosphatase detection method. 36
Starfish Oocyte Microinjection. Prophase-arrested Astropecten aranciacus oocytes were separated from their surrounding follicle cells by calcium-free sea water treatment, and kept in natural filtered sea water until microinjection following the Hiramoto method. 38 Rescue of the S. pombe cdc25-22 Conditional Mutant. Cloning into the NdeI-BamHI digested pREP41 yeast expression vector was carried out as for the pGEX4T1 construction, except that: a. pREP41 specific primers (forward primer: FprepNde : 5'-gtggattcat-ATGGAGGTGCGGGAGGCGAACAAGCGCGCG-3' and reverse primer RrepBam : 5'-actcgaggatccTCATTCGTTGTCCATGTCGGCC-ACTTCGTC-3') were used, and b. the NdeI (Promega) and BamHI (Promega) restriction enzymes were used. 39 The recombinant pREP41 vector was then electroporated into E. coli DH5-alpha cells. The resulting construct which contains the O. tauri cdc25 gene under control of thiamine-repressible nmt promoter, was transformed into the S. pombe h + cdc25-22 leu1-32 ura4-218 ade6-M210 strain by electroporation and selected on leucine-and thiamine-deficient minimal medium.40 Positive clones growing on leucine-deficient medium at the permissive temperature (30˚C) were tested at the restrictive temperature (37˚C).41 Expression of the O. tauri Cdc25 was repressed by the addition of 25 µM thiamine. (Fig. 1) . 42, 43 No domain homology could be found in the databases for the N-terminal part of the protein, as is usually observed in animal and yeast Cdc25 N-terminal moieties. O. tauri cdc25 hosts a consensus 14-3-3 binding site, 2 destruction box (RXXL) motifs but no KEN motif. [44] [45] [46] Finally, 15-serine, 8-threonine and 6-tyrosine potent phosphorylation sites are also counted, among which one putative MAP kinase phosphorylation site on threonine-183 and more importantly 4 putative CDK A phosphorylation sites. 47 The expression of O. tauri cdc25 was analysed by northern blotting of O. tauri total RNA isolated from non synchronized cultures. A band corresponding to approximately 1.6 kb was obtained (data not shown), indicating that the O. tauri cdc25 gene is expressed. This size is compatible with the estimated size of the gene obtained from the complete genome sequencing project. This expression has also been confirmed by specific PCR amplification of a fragment of O. tauri cdc25 using a cDNA library and lastly from total RNA by the Titan one step RT-PCR kit (data not shown).
RESULTS

An Ortholog of cdc25 is Present in
A True cdc25 Dual-specificity Phosphatase in Ostreococcus tauri. Alignments of the superfamily of protein phosphatases dataset, including the divergent family of low molecular weight phosphatases, showed unambiguously that the O. tauri sequence belongs to the cdc25 dual-specificity phosphatase subfamily (Fig. 2) . Within this cdc25 subfamily, O. tauri branched off first, being clearly different from metazoan and yeast sequences (Fig. 2) . Since the systematic and careful searches for orthologs of cdc25 genes in plants by using animal or yeast sequences have been unsuccessful, the availability of O. tauri cdc25 sequence originating from the green lineage prompted us to look again for any homology with its conserved C-terminal part. Again, no clear ortholog could be found in the two completely sequenced streptophyta genomes Arabidopsis thaliana and rice. Furthermore, no ortholog was found in the very large unpublished EST dataset of the moss Physcomitrella patens (Ralf Reski, Freiburg University, Germany, personal communication). Interestingly, a putative Cdc25-like phosphatase sequence containing the HCX 5 R motif but a divergent DVR acceptor motif was identified in Chlamydomonas reinhardtii (ChlamyDB § Accession No. 833010A05.y1; http://www.biology.duke.edu/chlamy_ genome). This new cdc25-like candidate sequence is highly divergent and only functional characterization will ensure that it is an ortholog of the Cdc25 phosphatase. These results indicate that a true cdc25 gene was present at the base of the green lineage as an ortholog is found in O. tauri and a putative one in C. reinhardtii. However, no ortholog has been identified in higher plants.
Ostreococcus tauri Cdc25 Rescues S. pombe cdc25-22 Temperature Sensitive Mutants. Since there are no genetic systems yet available in O. tauri, the rescuing of a Schizosaccharomyces pombe cdc25-22 conditional mutant by recombinant O. tauri Cdc25 was tested. This strain which grows normally at the permissive temperature of 30˚C arrests at the G 2 /M transition at the restrictive temperature of 37˚C due to inactivation of the thermo-labile endogenous cdc25. The complete ORF of the O. tauri gene was subcloned in the S. pombe expression vector pREP41 and transformed in the S. pombe cdc25-22 mutant. After selection on leucine-deficient minimal medium plates, only colonies transformed by the pREP41 containing O. tauri cdc25 gene grew at restrictive temperature (37˚C), whereas the colonies transfected with the vector alone (control) grew very poorly (Fig. 3A and 3B) . Furthermore, microscopic examination showed that the colonies transfected with O. tauri cdc25 have a similar morphology (small rod-shaped cells) to the wild type strains or to the colonies growing at permissive temperature (Fig. 3D ). Small and round cells corresponding to the wee phenotype are also observed. In contrast, the cells in the few colonies obtained at restrictive temperature and not rescued by O. tauri cdc25 appeared elongated with a phenotype typical of cdc25 cell cycle-arrested mutant cells (Fig. 3C) .
Ostreococcus tauri Cdc25 is an Active Phosphatase. To investigate further the phosphatase activity of O. tauri cdc25 on the CDK-cyclin complex, starfish oocytes were microinjected with purified recombinant O. tauri GST::Cdc25 protein. 48 These oocytes are arrested in the prophase of the first meiotic division (germinal vesicle {GV} stage) and contain an inactive Thr-14 Tyr-15 phosphorylated CDK. 49 germinal vesicle breakdown (GVBD) (Fig. 4) . We moreover checked that the GVBD oocytes contained active histone H1 kinase activity showing that the microinjected recombinant O. tauri GST::Cdc25 readily activated endogenous CDK-cyclin complex (data not shown). On the other hand, GVBD was not observed in control oocytes microinjected with buffer alone (Fig. 4) . We also tested the in vitro activity of O. tauri Cdc25 phosphatase. For this, the histone H1 kinase activity of the CDK1-cyclin B complex was measured after addition of recombinant O. tauri GST::Cdc25 phosphatase to GV-stage inactive CDK which were affinity-purified from the oocyte protein crude extract by p13 suc1 grafted sepharose beads. This activity increased by a factor of 2.6 following the addition of recombinant O. tauri GST::Cdc25 (Fig. 5A ) for 1 hour as compared to the control and this was proportional to the time-lapse of O. tauri Cdc25 addition to the extracts. To ensure that the O. tauri Cdc25 phosphatase specifically activated the CDK1-cyclin B complex, a western-blot revealed by anti-phosphotyrosine antibody was carried out on the purified starfish CDK1-cyclin B complex and incubated with O. tauri Cdc25 for various times. The resulting blot clearly shows that the band corresponding to the tyrosine-phosphorylated form of CDK1 decreased significantly on addition of O. tauri Cdc25 (Fig. 5B) . More precisely, the tyrosine-phosphorylated band showed an intermediate band shift before a more than 5-fold decrease in intensity indicating a more rapid threonine than tyrosine dephosphorylation. This dephosphorylation was dose and time dependent and confirmed the activation of the CDK1-cyclin B complex by dual-specificity dephosphorylation. These results clearly show that the recombinant O. tauri Cdc25 protein is functional and has a dual specificity phosphatase activity assayed both in vitro and in vivo. 
DISCUSSION
Once a cell is committed to division, the proper succession of the different phases is regulated by checkpoints which block the cell cycle progression until the previous phase is successfully completed. 11 These checkpoints seem to be present in all eukaryotes and the increasing amount of available genomic data from organisms belonging to different phyla shows that most of the proteins involved in these regulations are conserved. In turn, this conservation led to the concept of an ancestral core cell division machinery, at least common to metazoans, fungi and plants. 14 Despite this in silico global similarity, the plant cell cycle is nevertheless poorly functionally characterized. Little is known about the plant cell cycle in planta and only an extensive functional analysis will clearly discriminate the core cell cycle machinery from the important specific adaptations in the models. Among these putative specific adaptations was the persistent absence of a cdc25 ortholog in plants although this essential regulation pathway seems to be functionally conserved. This absence is puzzling because orthologs of other regulation partners of the G 2 /M transition such as CDKs, cyclins and Wee1 are present in plants. This is all the more surprising as most of the proteins known to interact with Cdc25 in metazoans and yeast have also been found in plants. Among these proteins are Pin1 and 14-3-3 and their presence indicates that the DNA damage and DNA replication checkpoints may also be evolutionarily conserved from the ancestral machinery.
The absence of Cdc25 in plants raises the evolutionary question of the presence or absence of this key enzyme at the base of the green lineage and its possible subsequent evolution as a weakly conserved sequence or its loss and substitution by a yet uncharacterised dual specificity phosphatase which mimics the activity of Cdc25. The ongoing sequencing project of the genome of the unicellular alga Ostreococcus tauri revealed for the first time the presence of a cdc25 gene at the base of the green lineage. We have shown that this gene encodes a functional Cdc25 protein. O. tauri Cdc25 phosphatase is active in the heterologous models starfish and yeast, thereby confirming its functional conservation across evolution, as can be observed with Cdc25 phosphatases from other organisms. 41 By using the O. tauri cdc25 sequence, a putative candidate was found in C. reinhardtii, whose genome sequencing has recently been completed. This Cdc25 candidate contains the conserved HCX 5 R and the essential aspartic acid of the DCR acceptor motif but does not have neither the consensus Cdc25 motif CE[Y-F]SXXR, nor the cysteine of the DCR motif which is necessary for reversing deleterious oxidation. 50 We, therefore, propose to annotate this C. reinhardtii sequence as a cdc25-like gene based on its partial sequence similarity to the O. tauri cdc25 gene. We further looked for orthologs of this new C. reinhardtii cdc25-like gene and found putative orthologs in the terrestrial plants A. thaliana and O. sativa. However, these cdc25-like sequences are highly divergent from the known cdc25 family and their identification as a putative Cdc25 phosphatase remains to be functionally confirmed. Further characterisation of such Cdc25 phosphatase orthologs in streptophyta will require a comparative approach including evolutionarily intermediate organisms such as the charophyta, but genomic data for these organisms are not yet available.
In conclusion, the conservation of the actors of the cell cycle regulation pathway suggests that the interacting partners must have coevolved so that any divergent change in one partner is adapted by the other. 8 However, to confirm this hypothesis orthologs of all the genes present early during evolution must be found in the different lineages having conserved this regulatory pathway. 9 The absence of www.landesbioscience.com Cell Cycle e109 cdc25 in plants, in contrast to CDKs, cyclins and wee1, is contradictory to the hypothesis of coevolution and would imply that cdc25 phosphatase activity is a more recent evolutionary acquisition, occurring only in ophistokonts (metazoans and fungi) after their separation from the green lineage. But the formal identification of a functional Cdc25 ortholog at the base of the green lineage strengthens the hypothesis of the coevolution of the regulatory pathway of the M-phase entry and rules out the hypothesis of the cdc25 gene as being a recent evolutionary acquisition specific to the ophistokont lineage. It is now clear that Cdc25 phosphatase appeared earlier in evolution before the divergence between the ophistokont (metazoan and yeast) and the green lineages and was probably present in the ancestral eukaryotic cell.
